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The Biological Services Program was established within the U.S. Fish and
Wildlife Service to supply scientific information and methodologies on key
environmental issues that impact fish and wildlife resources and their supporting
ecosystems.

Projects have been initiated in the following areas: coal extraction and
conversion; power plants; mineral development; water resource analysis, including
stream alterations and western water allocation; coastal ecosystems and Outer
Continental Shelf development; environmental contaminants; National Wetland
Inventory; habitat classification and evaluation; inventory and data management
systems; and information management,

The BiologicalServices Program consists of the Office of Biological Servicesin
Washington, D.C.,, which is responsible for overall planning and management;
National Teams, which provide the Program’s central scientific and technical
expertise and arrange for development of information and technology by contracting
with States, universities, consulting firms, and others; Regional Teams, which
provide local expertise and are an important link between the National Teams and
the problems at the operating level; and staff at certain Fish and Wildlife Service
research facilities, who conduct inhouse research studies.

For sale by the Superintendent of Documents, U.S. Government Printing Office
Washington, D.C. 20402



3

.

A D i U e LMWL A

MAY 20 1997

/) S691

FWS/0BS-79/33
%’a August 1980

RESPONSES OF SUBMERSED VASCULAR PLANT COMMUNITIES
TO ENVIRONMENTAL CHANGE

by

Graham J. Davis and Mark M. Brinson
Department of Biology
East Carolina University
Greenville, North Carolina 27834

Contract No. 14-16-0009-78-032

Project Officer

Charles Segelquist
Eastern Energy and Land Use Team
Route 3, Box 44 :
Kearneysville, West Virginia 25430 - s

Property of CSC Libragy

Performed for:
Eastern Energy and Land Use Team
National Water Resources Analysis Group
Office of Biological Services
Fish and Wildlife Service
U.S. DEPARTMENT OF THE INTERIOR

US Department of Commerce

NOAA Coastal Services Center Library
2234 South Hobson Avenua

Charleston, SC 29405-2413



oS SO e vaearend

Library of Congréss Cata1og Card Number: 80-607178

S o e € ¥ - .\‘:,»n(ﬁr!;-"sr-?~~¢: -‘D{;‘

Wﬂﬁdé?g URDLOD U el 1 Sroge ST
LA, e s

‘0. aas
S0 803 0L a0



PREFACE

Many construction activities in or near streams and lakes cause changes
in the aquatic environment that affect submersed vascular aquatic plants.
This report was prepared to give biologists, engineers, and planners an over-
view of how submersed plants respond to changing environmental conditions
including Tight transmission, fluctuating water levels, currents and waves,
and other physical and biotic factors.

~ A companion document, FWS/0BS-80/42, is a summary of this technical
report. Inquiries concerning the availability of either report should be

directed to:

Information Transfer Specialist

U. S. Fish and Wildlife Service
Eastern Energy and Land Use Team
Route 3, Box 44

Kearneysville, West Virginia 25430



EXECUTIVE SUMMARY

Submersed vascular plants are native to many aquatic ecosystems where
they influence a number of ecosystem processes and provide food and shelter
for fish and wildlife. This report examines factors that affect the 1light
environment of submersed macrophytes and evaiuates the responses of submersed
plant communities to changing 1ight conditions. Other requirements and stres-
ses important to submersed macrophyte communities are discussed also.

The amount of Tight available for photosynthesis and growth of submersed
plants depends on the combination of the turbidity of the water and the depth
at which they grow. Turbidity due to suspended sediments may vary greatly
depending on the energy of currents and waves that keep them in suspension or
on human activities that may cr2ate new sources of particulate matter. Depo-
sition of sediments directly on :eat surfaces may reduce light available to
plants. Increases in plankton density, matting filamentous algae, and dense
epiphytic growth, all common consequences of eutrophication, can reduce the
amount of light available to submersed macrophytes. Other factors affecting
the survival and growth of aquatic macrophytes are grazing and feeding acti-
vities of fish and waterfowl, fluctuating water levels, hydrostatic pressure,
and sediment type. A1l of these factors are reviewed briefly and examples
given from pertinent studies.

Data were assembled on depth distribution records of submersed angio-
sperms and the Secchi transparencies of water for mostly North American lakes.
These were lakes in which the maximum depth of submersed macrophyte establish-
ment was limited by 1ight availability rather than shallow depth. Although
the data base lacks rigorous precision, several patterns reveal that species
respond quite differently to reduced 1ight levels with increasing depth. Lab-
oratory and field studies generally show that most shade tolerant species have
a rapid photosynthetic response to increasing light in the low range of inten-
sities. In clear shallow waters, the competitive advantage is shifted toward
species in which photosynthesis is saturated only by extremely high light in-
“tensities.

Further analysis of depth distribution patterns of species and water
transparency allowed identification of turbidity tolerant and non-tolerant
species. This was expressed as a turbidity tolerance index, which in turbid
waters (Secchi transparency < 2.5 m), is the ratio of the depth maxima of
species to the Secchi transparency depth. The index ranked ten species
according to their resistance to adverse effects of turbid systems.
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Submersed macrophyte communities may respond differently to short term
and long term perturbations. Short term changes may vary from a few weeks
to a few years and usually have no lasting detrimental effects on the aquatic
macrophytes. Long term changes associated with factors such as eutrophi-
cation result in elimination of species sensitive to light reduction and often
in the appearance of exotic species.

Based on long term studies of northern lakes, a survival index for sub-
mersed species was developed. This index and the turbidity tolerance index
were used, along with other information,. to identify five groups of species
that have varying degrees of resistance to ecosystem alteration.

Finally the possible effects of human activities on alterations in
aquatic ecosystems and an array of impacts on submersed plant communities are
considered. Since a wide range of ecosystem changes can be associated with a
single type of perturbation and since responses of submersed macrophytes to
system changes cannot be predicted with confidence, these impact evaluations
are tentative.
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'INTRODUCTION

There are many examples of waters that at one time supported luxuriant
growths of macrophytes but are now largely devoid of these plants. The causes
for the reduced abundance vary, but most are associated with increases in
water turbidity. However, the absence of submersed macrophytes does not al-
ways imply that adequate light is lacking. Submersed macrophytes generally
colonize high energy and rather unstable zones of lakes, reservoirs, rivers,
and estuaries and are subjected to a number of stresses that may exclude
them. Some of these stresses are discussed to put in proper perspective the
importance of light availability. However, the main subject area of this re-
view is the effects that reduced light availability and increased turbidity
have on submersed plants in inland waters.

The probable effects that increased water turbidity might have on sub-
mersed angiosperms will be evaluated. A number of human activities such as
dredging, waste disposal, boat traffic, road construction, land use, etc. may
add suspended solids to lakes and rivers at levels above background. How-
ever, background or "natural" turbidity can vary greatly in rivers depending
on current velocity following heavy rains or snow melt and in lakes depending
on mixing by wind, bank erosion, and inflows from turbid rivers and streams.
The changes in turbidity and thus the light environment of submersed macro-
phytes corresponding with these events need to be evaluated relative to other
factors that limit macrophyte distribution. The importance of these "resi-
duals" is often very difficult to quantify.

The importance of submersed macrophytes in aquatic ecosystems is widely
recognized by biologists, but public perception of their value focuses pri-
marily on their utilization by migratory waterfowl as food. Many aquatic
vertebrates and invertebrates utilize aquatic macrophytes for food and cover.
In fact, the metabolism of many flowing and 1limnetic ecosystems is dominated
by photosynthesis and respiration of aquatic macrophytes which are at the
base of the detritus food web. Exchange of nutrients among the compartments
of the sediment-plant-water system and calcium carbonate precipitation in
plant beds can have striking effects on the water chemistry of aquatic eco-
systems.

Most of the data and examples reviewed are from North America. Examples
from north-central and northeastern United States and contiguous Canadian
areas dominate the review. This is due partly to the abundance of lakes in
those districts and partly to the large number of Timnological studies con-
ducted there. Data are presented for areas other than North America, but a



serious review of the world literature was not made. Some of the most rele-
vant studies on turbidity-macrophyte relationships have been conducted in
shallow estuaries rather than lakes.

While the studies cited date back to the early decades of this century,
many of the relevant data are of recent origin. Problems associated with
overabundance of certain macrophytes (e.g., Myriophyllum spicatum, Hydrilla
verticillata) have provided the impetus for some of these studies. A few
investigators in the field have recently focused much of their effort toward
resolving the relationship between distribution of aquatic macrophytes and
water transparency. We hope that this review will provide additional in-
sight, identify some critical gaps in our knowledge, and suggest important
areas of research.

North American species mentioned in this report are listed alphabeti-
cally in the table in the Appendices with additional information on the
family, common name, and distribution. Distribution is given according to
the regions developed in Shelter and Skog (1978).



PHYSICAL, CHEMICAL, AND BIOLOGICAL FACTORS
AFFECTING SUBMERSED PLANT GROWTH

Among the submersed vascular plants, there is great variation in life
cycle, morphology, physiology, and reproduction which somewhat reflects the
diversity of their terrestrial ancestors (Arber, 1920). This diversity is
illustrated by the wide range of physical and chemical conditions to which
various species are adapted. The species composition and abundance in a
submersed plant community will depend upon the totality of these factors to
which an area is subjected. The purpose of this section is to provide an
overview of the importance of factors other than 1ight which may limit the
abundance, or even the occurrence, of aquatic vascular plants. While the
discussion focuses on the submersed 1ife forms, many of the factors mentioned
also relate to emergent and floating leaved species.

FLUCTUATING WATER LEVELS

Fluctuating water levels are common features in many shallow aquatic
ecosystems. The distribution of wetland plants in response to a drop and
subsequent rise in water level in a prairie pothole marsh is illustrated in
a study by van der Valk and Davis (1976). The submerged zone was completely
exposed during a summer drought which almost eliminated Ceratophyllum demer-
sum when reflooding occurred the following year. Another submersed species,
Potamogeton sp. aff. pusillus, was little affected but moved 4 or 5 m closer
to shore after reflooding. There was a tendency during the drought for emer-
gent species to germinate and invade the submersed zone such that biomass and
species richness of the zone increased after reflooding. This illustrates
that although some submersed species are severely affected by extreme water
level fluctuation (e.g., Ceratophyllum, which is not rooted), others adapt by
a shift in zonation. However, considering the community as a whole, irres-
pective of Tife form, there was little overall change in community production
and diversity due to water level fluctuation.

~ Where drawdown can be artificially controlled it is commonly used in con-
trol procedures for aquatic macrophytes. Peltier and Welch (1970) suggested
that drawdown, along with Tow rainfall, resulted in greatly increased cove-
rage by Najas spp. in an Alabama reservoir. Similarly, Jackson and Starrett
(1959) noted that Potamogeton pectinatus grew best when water levels remained
low in the shallow, floodplain of Lake Chataqua, I11inois. 1In the Chippewa
Flowage, Wisconsin, which has received repeated winter drawdowns for 50
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years, Nichols (1975) identified five submersed species that either recover-
ed, or increased in coverage after repeated water fluctuation. On the other
hand, if drawdowns are not properly conducted, problems resulting from exces-
sive macrophyte growth may result especially in areas with long growing seasons,
as predicted by Hestand et al. (1973) for Lake Ocklawaha, Florida.

Where drawdowns persist for several years or are frequent during a sin-
gle growing season, as in some reservoirs, submersed vascular plants will
not survive. Reservoirs typically have highly turbid waters and few shallow
areas which further reduces chances for establishment of submersed vegetation.
Controlled drawdowns have been used in the TVA reservoir system for management
- of Myriophyllum spicatum, a nuisance plant (Leon Bates, personal communica-
tion).

Submersed species may be Timited in their length of growth by shallow
water, but it is uncertain whether this would affect rates of production.
For example, Lind and Cottam (1969) found that Myriophyllum exalbescens, in
Lake Mendota, Wisconsin, wasabout half as dense at 2.0 to 2.5 m depth as at
1 m, but the average welght per plant was &out twice as great in the deeper
water. Whether Myriophyllum would respond to 1ncreas1ng water depths during
a single growing season by elongation and reduction in density is uncertain.
Alternatively, reduced depths may result in greater fragmentation and uproot-
ing from turbulence as more of the plant floats near the surface.

Martin and Uhler (1939) stated that at least a few inches of water must
be retained for truly aquatic plants to remain established. Of the species
that they suggested for propogation in periodically exposed wetlands, none
are submersed aquatics. None of the seeds of aquatic plants mentioned by
Sculthorpe (1967) that require drying before germination were from submersed
species.

CURRENTS AND WAVES

In medium to large lakes the eroding forces of waves may prevent the
establishment or result in the fragmentation of submersed aquatic plants in
the shallowest zone. Their absence is probably more commonly due to the
abrasive action of waves rather than 1nstab111ty of the substrates. In ma-
ture baSIHS, the amount of erodable 1norgan1c material in this high energy
zone is usually small, having long since been removed (Hutchinson, 1975).
There is a tendency for submersed vascular plants that grow in these situa-
tions to be small and their occurrence probably depends on resistance to
fragmentation.

Fragmentation due to wave action was determined by Jupp and Spence
(1977b) for Potamogeton filiformis in Loch Leven, Scotland. By comparing
peak b1omass of plots protected from wave action and waterfowl graz12
(243 g/m ) with_plots protected only from waterfowl grazing (125 g/m ?
loss of 118 g/m2 was attributable to wave action. Since plant dens1t1es did
not differ significantly between treatments, all of this loss was due to wave
pruning of shoots. It is uncertain, however, to what extent fragmentation
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calculated by this procedure actually occurred and to what degree wave action
may have merely inhibited potential growth.

In running waters only rooted growth forms become established and thus
they are restricted to areas of sediment deposition, with the notable excep-
tion of members of the mostly tropical Podostemaceae which are attached to
rocks in fast flowing water (Arber, 1920). Hynes (1970a) stated that no
rooted plants show any special adaptation to running water, and the species
that occur in streams and rivers have tough, flexible stems or leaves, a
creeping growth habit, frequent adventitious roots, and strictly vegetative
reproduction.

According to Westlake (personal communication) the relationship between
plant distribution, depth, 1ight and compensation point are complex, parti-
cularly in the relatively shallow depths colonized in fairly turbid river
waters. In these conditions many plants are capable of growing from the
bottom and creating a leaf array containing most of their biomass near the
illuminated surface. Such stands are ultimately Timited in biomass partly
by turbidity, but mainly by self-shading. Their depth limits, as defined by
the deepest water in which they are rooted, are probably fixed by their
capacity to grow from reserves, out of the dark bottom waters and into the
1ight before other plants shade them. Size of storage organs is therefore
important. These principles apply also to still water conditions.

In many flowing water situations, the occurrence of spates or freshlets
following heavy rains severely limits the abundance of submersed species due
to strong currents. For example, Bilby (1977) quantified the effects of
macrophyte distribution in a stream pool before and after a spate resulting
from a large rainstorm in New York. The two dominant species, Elodea canadensis

and Potamogeton crispus underwent a pattern of displacement toward Tower
current speeds following the spate. Most of the reduction in macrophyte
cover was where current speeds were highest.

Where current movement is slow as in irrigation canals, submersed plants
may become exceedingly abundant, as in south Florida (Blackburn et al., 1968).
Likewise, the steady flow and transparent waters of Florida spring runs often
support high biomass of submersed species, whose year-round productivity is
limited by 1ight (Odum, 1956). In these latter two examples water current
serves as an important auxiliary energy source by increasing nutrient availa-
bility and exporting waste products. Within a range of slow currents for
which flow is laminar (0.02 - 0.5 cm/sec), Westlake (1967) demonstrated that
photosynthesis of submersed plants in the laboratory increased with increasing
current velocity. However, the high velocities that occur during flooding
of most streams and rivers would represent stressful and often quite damaging
conditims for macrophytes (Haslam, 1978).

SUSPENDED SEDIMENTS AND THEIR EFFECTS ON SUBMERSED PLANTS

Suspended sediments have effects on submersed macrophytes in addition to
those directly related to a reduction in available light. For example, the
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composition of bottom materials in which plants are rooted depends on the
balance between the rate of sediment supply and the rate at which sediments
are carried away by currents. Current velocity, particle density, and par-
ticle size are mainly responsible for this balance. These variables will be
treated briefly prior to discussing the relationship between macrophytes and
sediment types.

The settling velocity of particles is classically described by Stokes
law which is formalized as

where v is the velocity of the particle (cm/sec), r is its radius (cm), g is
acceleration of gravity, n is the viscosity of the f%uid (poises), and dj and
dp are the densities of the particle and fluid (g/cm®), respectively. If all
other conditions are constant, then the settling velocity is directly propor-
tional to the square of the particle radius, and the equation simplifies to

v = Cré, where C1 represents the various constants. This law does not hold
for large particles because above about 0.1 mm in diameter the settling velo-
cities are proportional to the square root of the radius according to the
impact law. The simplified form of the impact law is v = CpJr] where various
constants are included in C2. Viscous forces operable in Stokes 1law become
negligible. Thus the settling velocity will follow the experimental curve
shown in Figure 1.

In streams and lakes which have turbulent flow, particles are kept in
suspension by kinetic energy that overcomes the gravitational and cohesive
forces. The relationship between velocity, particle size and the fate of the
particles is shown by the Hjulstrom scheme in Figure 2. This graph incorpor-
ates the critical erosion velocity in addition to the settling velocity which
brackets the regions in which particles will be eroded, transported, or de-
posited. This conceptual model is based on a number of assumptions, few of
which have much applicability to field situations where the flow velocity is
stochastic and particles are seldom spherical, of homogeneous size, or of
similar density.

Nevertheless, Figure 2 correctly conveys the concept of segregation of
particle size with respect to flow velocity. In considering dredging acti-
vities, fine particles with their slow settling velocities will remain in
suspension longer and will tend to be transported greater distances than
larger particles. Particles from sediments largely composed of organic mat-
ter have lower densities and will have an even greater tendency to remain in
suspension. It becomes obvious that the duration of shading and the extinc-
tion coefficient of the water will depend greatly on the composition of the
material brought into suspension, whether by natural (floods) or by human
activity (dredging or other disturbances).

Submersed macrophytes and other structural features may act as sediment
traps because of their effectiveness in reducing flow velocity. Growth of

6



Figure 1.
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rhizomes and roots in the sediment further stabilizes the substratum. The res-
triction of vascular plant beds to the relatively low energy sectors of
streams contributes to the extremely patchy distribution that is often ob-
served.

In highly organic bottoms, such as in open water areas of peat bogs, the
soft ooze severely restricts the establishment of aquatic macrophytes. Plant
beds are often restricted to species that produce dense and persistent net-
works of rhizomes, as in the case of members of the Nymphaeceae. Although
this family is characterized by floating leaves, some members have submersed
"water leaves" which may persist year round in the southeastern United States
(Brinson and Davis, 1976). The importance of these leaves to the carbon
balance of the plant has never been established.

Not only must sediments be stable for successful colonization of macro-
phytes, but the particle size distribution also influences the species that
occur. Spence (1964) showed that in Scottish lochs submersed broad leaf forms
predominated in water greater than 150 cm deep only when the sediments were
composed of fine muds. However, other factors such as light and turbulence
all change with depth, so it is not possible to single out substrate type as
the most important variable except perhaps by controlled experiments (Pond,
1903; Brown, 1913; Bourn, 1932; Misra, 1938).

Pearsall's (1920) work on the English lakes during the early part of this
century singled out the physicochemical nature of the sediment as the main
factor in determining composition of the vegetation, although the original
interpretation of these results is somewhat questionable (Spence, 1967).
Isoetes was restricted to stony areas with thin silt. This genus apparently
cannot colonize areas of sediment deposition because it cannot alter its root
level. Potamogeton perfoliatus grows in areas with a high clay fraction,
which may also be reTated to nutrient availability, rather than texture alone.
However, Tife forms with a stoloniferous habit are probably able to adjust to
changes in sediment depth except in the most extreme cases of accumulation.

Another aspect of siltation is the accumulation of material on Teaf sur-
faces which reduces light transmission to photosynthetic surfaces and possi-
bly alters gas and nutrient exchange. Sculthorpe (1967) suggested that the
Tinear leaves of Potamogeton pectinatus remain free of settling particles and
thus the species may colonize areas unsuited for submersed plants with leaf
forms more amenable to silt accumulation. Schiemer and Prosser (1976) con-
firmed that the sediment coating on Myriophyllum spicatum, which has finely
divided, feathery leaves, is markedly greater than for P. pectinatus in
sheltered bays of Neusiedlersee, Austria. In addition, they suggested that
silt deposition is enhanced by the presence of epiphytic algae on heavily
infested macrophytes. Increased plant weight due to silt deposition was also
noted as having an inhibitory effect on macrophyte growth. These factors in
addition to wave action appear to be largely responsible for the distribution
of M. spicatum in Neusiedlersee.




GROWING SEASON AND DORMANCY

Submersed macrophytes may resist the effects of freezing by colonizing
depths below the zone of surface ice formation as compared with emergent or
floating leaved species that are exposed to freezing temperatures. In spite
of this, many temperate submersed species undergo a period of dormancy during
the winter and a few species are anatomically and physiologically adapted to
overwintering. However, a number of submersed perennials merely Subsist with
reduced or negligible growth rates and reduced biomass until more favorable
light and temperature conditions at the onset of the growing season. Except
in cases of a limited number of annuals where viable seed development and
favorable conditions for gevrmination must occur, most submersed species are
perennial and overwinter by means of vegetative structures.

Weber and Nooden (1976a, b) described the role of turions in the over-
wintering of Myriophyllum verticillatum. In this species turions are special-
ized compact buds that develop from nodes late in the growing season as a
response to photoperiod and possibly temperature. These reproductive struc-
tures sink to the bottom after detachment from the parent plant. Dormancy is
broken by cold temperatures (0 - 4° C) which compares well with observed
turion germination before ice breakup.

Apart from highly modified organs such as turions, many other less spe-
cialized organs appear equally capable of overwintering. These include dor-
mant apices and offsets, root tubers, stolons, and rhizomes. Dormant apices
and offsets as well as turions can be important in plant dispersal. These
structures in submersed aquatic plants appear to substitute for seed disper-
sal more commonly found in emergent or floating leaved species.

In addition to Tower water temperatures and reduced day length during
the nongrowing season, the presence of an ice and snow cover in northem Tlati-
tudes poses severe restrictions on light penetration. Species that may have
only reduced biomass and growth during the winter season if open water per-
sists will be much reduced in more northern waters that become completely iced
in. This may result in regional differences in standing crops of submersed
plants at the beginning of the growing season.

The presence of ice may also result in physical disruption of macrophyte
communities. Martin and Uhler (1939) described the scouring action of ice
masses during spring breakup in flowing waters and shallow lentic habitats
that may cause severe damage to beds of submersed plants.

NUTRIENT AVAILABILITY AND UPTAKE

There has been considerable controversy concerning the importance of
roots in nutrient uptake from sediments. It is clear from a number of studies
that roots do accumulate nutrients from the sediments and these may be trans-
located to the shoots. However, in many aquatic plants, significant ion
absorption occurs by leaves and there appears to be a qreat diversity in
the relative importance of roots and shoots in mineral nutrition.
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Figure 3 illustrates the spectrum of all possible cases for aquatic
macrophytes in which the x-axis represents a gradient in life form, root-
shoot ratio, or anatomical complexity (Denny, 1972). Emergent species will
obtain most of their mineral nutrition from the sediments, while those that
have floating leaves are intermediate between emergent and Submersed plants.

The actual amount of nutrient absorption in field situations may be re-
lated also to the relative supply in the water and the sediments. For exam-
ple, Bole and Allan (1978) demonstrated that Myriophyllum spicatum and
Hydrilla verticillata utilized phosphorus from the sediment until concentra-
tions in the water reach a threshold value which differs for the two species.
Above these water concentrations uptake from the water column increases.
Nutrient availability is not based solely on concentration since flowing
waters of Tow concentration may actually be a better source of nutrients than
higher concentrations in quiescent waters. Dense growths of submersed commu-
nities often require nitrogen and phosphorus in excess of the amount present
in the water at any one time. Sediment texture and cation exchange capacity
may also be important in the nutrient supply to roots. Since it has been
demonstrated that some aquatic macrophytes translocate phosphorus (Twilley
et al., 1977) and nitrogen (Nichols and Keeney, 1976) both from roots to
shoots and from shoots to roots, it is unlikely that the sediments or the
water alone are the singular source of nutrients.

Although nitrogen and phosphorus are generally believed to be the most
important limiting nutrients in fresh waters, there are no clear cut cases
where submersed macrophytes are excluded by the paucity of either. Rather it
would seem that the rate of productivity may be limited by the supply of these
nutrients. However, in the case of soft and hard waters (low and high CaC03
concentration, respectively) there appears to be an important dichotomy in
species distribution. This has been reviewed extensively by Hutchinson (1975)
who also noted that pH may play an important role in species distribution in
soft waters.

BIOLOGICAL FACTORS

The absence of submersed aquatic plants in fertile lakes and ponds has
often been attributed to shading by dense populations of phytoplankton. . Jupp
and Spence (1977a) reported an inverse correlation between biomass of Potamo-
geton filiformis and open water chlorophyll a concentrations at certain times
during a three-year study of Loch Leven, Scotland. Scums of blue-green algae
accumulating near the shore during Arnabaena flos-aquae blooms intensified
shading in macrophyte beds. Jupp and Spence suggested that these algal blooms,
apparently enhanced by high levels of phosphorus from cultural eutrophication,
retard macrophyte growth by shading and possibly by producing elevated pH con-
ditions.
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Figure 3. Schematic diagram of factors that contribute towards a tendency
for nutrient absorption by roots or shoots. Axes are arbitrary. Modified
from Denny (1972).

However, Phillips et al. (1978) set forth a convincing argument for the
role of epiphytes and filamentous algae in suppressing submérsed macrophyte
growth due to shading. They suggest that dense phytoplankton develops sub-
sequently to the macrophyte decline rather than being its cause. Although
the effects of shading will be treated more fully in Tater sections, the
scheme of Wetzel and Hough (1973) in the succession of littoral communities
with increasing fertility (Figure 4) is of interest here. According to this,
nutrients are initially Timiting to macrophyte productivity and growth is
proportional to nutrient availability. At high concentrations of nutrients,
submersed macrophytes will be excluded due to shading by phytoplankton, epi-
hytes, and filamentous algae. The model probably applies somewhat to flowing
water situations although phytoplankton is expected to be less important and
physical factors more important than in lakes.

The importance of grazing on submersed plants has never received a com-
prehensive review. Repeated mowings during a single growing season may in
some ways simulate high grazing intensities (Davis, in preparation). However,
when one considers the total effect of consumer activity, the disruptive
activity of feeding, whether on macrophytes or other food sources, may be
quite substantial. For example, the feeding activities of carp in Lake
Mattamuskeet, North Carolina, increased turbidity so greatly that submersed
waterfowl food plants did not become established until the fish were removed
(Cahoon, 1953).

11
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Figure 4. Hypothetical changes in relative primary productivity of submersed,
emergent, epiphytic, and planktonic communities with increasing nutrient en-
richment (after Hough and Wetzel, 1973, with modifications according to
Phillins et al., 1978).

Many migratory waterfowl species are primary consumers and may have tem-
porarily devastating effects on wetlands, particularly marshes that receive
overgrazing by geese (Lynch, et al., 1947). Muskrat "eat outs" have also been
observed, but again it is the conspicuous emergent species studied that are
reported to have heavy damage. Anderson and Low (1976) studied grazing rates
on Potamogeton pectinatus by ducks in the open water region of a Mantioba
prairie marsh. By comparing biomass in enclosures and in areas not exg]ud1ng
birds, they estimated that 40 percent of the peak standing crop of foliage and
18 percent of the peak standing crop of tubers were removed. Some of this re-
duced biomass was not consumed but was lost by activities associated with
feeding. By comparison, Jupp and Spence (1977b) calculated that 30 pqrcent of
the peak standing crop of P. filiformis was removed by waterfowl grazing in
Loch Leven. In this case, only shoot biomass showed significant grazing los-
ses, perhaps due to difficulty of uprooting tubers in the fine clay substrate.

HYDROSTATIC PRESSURE

In exceptionally clear lakes of great depth, it would appear that there
is adequate 1light for macrophyte growth at depths beyond the observed plant

12
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Figure 5. Depth maxima for aquatic vascular plants and Nitella spp. as re-
lated to the 1 percent light transmission depth for some British lakes (data
from Spence, 1976).

distribution. At Tower altitudes one atmosphere of excess pressure is equal
to the pressure in about 10 m of water. Hence, depth maxima of species tole-
rant to Tow light Tevels suggest that hydrostatic pressure is a factor in
depth limitation of plant presence. As reviewed by Hutchinson (1975), charo-
phytes, mosses, and the lTower vascular plants tend to grow at greater depths
than submersed angiosperms. R. G. Wetzel (quoted in Hutchinson, 1975) found
that 0.5 atmosphere of excess pressure reduced photosynthesis in Najas flexi-
1is by 50 percent. Spence (1976) compared depth maxima of vascular plants
(including lower vascular plants ) with various nonvascular plants in 23
freshwater lakes. Depth maxima summarized by Spence for submersed vascular
plants and the non-vascular charophyte, Nitella spp., in some British lakes
are plotted against the depth of 1 percent Tight transmission for each lake
(Figure 5). Only the data collected by divers (as compared with from a boat)
are used. The depth maxima for the vascular plants plateau at around 5.5 to
6 m regardless of water transparency. This suggests that factors other than
available Tight Timited the depth maxima for vascular plants and a case for
hydrostatic pressure effects is strongly suggested. Depth maxima for Nitella
Spp., on the other hand, increased throughout the range with increasing light
penetration, suggesting light limitation as being of primary importance.

Adaptations which result in resistance to hydrostatic pressure are un-
clear. In laboratory experiments physiological and/or anatomical and growth
changes in submersed angiosperms become apparent when hydrostatic pressures
of 0.5 to 1 atmosphere excess are applied (Gessner, 1952; Ferling, 1957).
One response is a decrease in the size of intercellular air spaces. Of
course, environmental factors such as sediment characteristics, nutrient
distribution, dissolved oxygen, temperature, and the quality of light reach-
ing the bottom may play a part in restricting depth penetration by plants.

13



RESPONSES OF SUBMERSED PLANTS TO LIGHT AND TURBIDITY

LIGHT ATTENUATION

The depth to which submersed aquatic vascular plants are distributed
depends on the availability of light, if no other factors such as hydrostatic
pressure, nutrient supply, substrate composition, and turbulence 1imit growth.
Three factors affect light attenuation: absorption by water itself, absorp-
tion by suspended particles, and absorption by dissolved substances.

Monochromatic light passing through chemically pure water is absorbed
exponentially and thus decreases at a constant rate with increasing incre-
ments of depth. This relationship can be expressed as the extinction coeffi-
cient, n, which decreases from the red to the blue end of the visible spec-
trum. The extinction coefficient, n, is a function of the light intensity at
the surface (I,) and the intensity at depth z in meters

In Io-ln 1z

Zz

The extinction coefficients of natural waters deviate greatly from those of
pure water due to the presence of dissolved and particulate substances which
absorb and scatter light. The spectral quality of light is particularly af-
fected by dissolved substances, since light scattering by particulate matter
is relatively nonspecific in optical effects.

The extinction coefficient of natural waters is separated into three
components such that

where nt is the total extinction coefficient, and the remaining terms are
due to water, suspended particulates, and dissolved color, respectively.
Thus the expression can be rearranged so that the intensity of light, I, at
a depth of one meter below I, is

14



Figure 6, adapted from the data of James and Birge (1938) for Lake
George in Wisconsin, clearly shows the effects of absorption by each of these
components . (The data are graphed as percentile absorption, expressed by the
- formula, 100 (1, - Iz)I,, where I, is at 1 m depth.) Short wavelengths (vio-
let and blue) are most strong]y agsorbed by the dissolved material which most-
ly consists of dissolved organic compounds, absorption of long wavelengths
(red and infrared) is due mostly to water, while the particulate matter is
quite nonspecific in its absorption properties, at Teast when in low concen-
tration. However, in using sediment concentrations between 50 and 5,000 ppm,
Otto and Enger (1960) found that the red wavelengths penetrated somewhat fur-
ther than blue. The spectral discrimination was greater for a commercial
sodium base montmorillonite type bentonite than for a sediment obtained from
a reservoir. This indicates that although suspended sediments may have a
negligible effect on spectral quality at low concentrations (< 50 ppm),
higher concentrations may cause significant shifts in the relative penetra-
tion of various wavelengths. Selective absorption by algal pigments may
occur in the blue (400-500 nm) and red (640-680 nm) when phytoplankton are
dense, but the amount is minor when compared with the attenuation by particu-
late matter throughout the visible spectrum (Westlake, 1966).

Vertical extinction coefficients then represent a composite of all wave-
lengths and vary considerably among natural waters depending on the contribu-
tion by suspended particulate and dissolved components. Values of ny range
from about 0.2 for exceptionally clear lakes such as Lake Tahoe, California,
to values in excess of 10 where turbidity is extremely high such as for re-
servoirs receiving inputs from flooding rivers (Wetzel, 1975; Westlake, 1966).
Ice cover reduces light transmission to variable degrees depending on whether
the ice is clear, contains bubbles, or is stained. Theoretically, clear ice
transmits light better than natural water because the dissolved substances
have been reduced. However, snow cover reduces transmission considerably.
Self shading by submerged macrophytes may be large depending on biomass, and
as 1ittle as 0.1 percent of the surface 1ight may reach the bottom of a river
weed bed, mostly in the green wavebands (Westlake, 1966).

RELATIONSHIP OF ACTUAL LIGHT TRANSMISSION AND
SECCHI DISC TRANSPARENCY ESTIMATES TO THE EUPHOTIC ZONE

The euphotic zone is the region from the surface to the depth at which
99 percent of the incident surface light has disappeared. Work based on
response of phytoplankton suggests that the intensity of light at this Tevel,
i.e., 1 percent of the surface light, represents the compensation light in-
tensity at which photosynthesis and plant respiration are in balance. For
many of the studies we cite, only Secchi disc transparency depths are availa-
ble. It would be valuable to be able to relate the Secchi depth to the more
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Figure 6. Total absorption spectrum of water from Lake George, Wisconsin,
as compared with spectra for pure water, dissolved organic color, and sus-
pended particulates. Modified from James and Birge (1938).

theoretically sound measurements of extinction coefficient or percent light
penetration at which the Secchi disc disappears. Attempts have been made to
do this (Poole and Atkins, 1929; Verduin, 1956; Cole and Barry, 1973). As
Hutchinson (1957) pointed out, the Secchi depth measurement actually is based
on a comparison of the brightness of the disc and the water surrounding it.
Thus Tight reflected from the bottom in shallow water or scattered upward by
silt-laden waters can introduce considerable error. Nevertheless, factors
of 2.7 to 3.0 times the Secchi depth have been found to approximate the 1
percent level in many cases (Cole, 1975). Based on empirical evidence for
coastal waters, Holmes (1970) suggested that a factor of 3.5 might be most
appropriate in water with a Secchi depth of less than 5 m and a factor of
2.0 for water with a Secchi depth between 5 and 12 m. However, as will be
discussed later, lower factors appear to be more approoriate for relatively
clear waters.

Within a single lake, seston would be expected to have a greater corre-
lation with Secchi depth transparency than dissolved colored compounds be-
cause of greater seasonal change in suspended material. However, between
lakes, the confounding effects of varying color would weaken the relationship
between Secchi depths and extinction coefficients.
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DEPTH ZONATION AND TURBIDITY
TOLERANCE OF SUBMERSED SPECIES

Species that become established and grow in the deeper regions of aqua-
tic ecosystems where only a small fraction of the surface -irradiation remains
are better adapted. to survival at low levels of 1light than those restricted
to shallower and better illuminated zones. In shallow aquatic ecosystems
where light is rapidly attenuated by high concentrations of suspended sedi-
ments, the same species tolerant to low levels of 1light might be expected to
compete more effectively than those requiring high Tlight intensities. To
test this hypothesis, the depth distributions for a number of species fram
diverse systems are presented graphically with their Secchi depth estimates
.in Figure 7. Available North American depth distribution records of submers-
ed angiosperms have been tabulated for aquatic systems where water depths
were such that the maximum depth of submersed plants would likely be limited
by irradiance rather than the shallowness of the system. Some data are given

for areas other than North America but an extensive search of world litera-
ture was not made.

The variety of methods of collecting and reporting the data summarized
in Figure 7 and the complexity and variations within and between the ecosys-
tems put the comparative analyses to be made Tater within the realm of approx-
imations. Normally for each species the shallowest and greatest depths re-
ported are shown along the depth axis and the area of greatest frequency,
density, cover, or standing crop is indicated by cross-hatching. No absolute
values are given; only the relative occurrence of a species along the depth
gradient is graphed. These data were often given in the 1iterature just as
reported here, but in some cases we have given our best estimate. For exam-
ple, depth distribution may have been reported within range classes such as
percent frequency at 0-1, 1-3 and 3-8 m (Rickett, 1922, 1924; Wilson, 1935,
1941). In this specific case the minimum depth would be graphed as 0.5 m if
the species occurred at 0-1 m while the maximum depth would be graphed as
5.5 m if the species occurred at 3-8 m. .

Secchi disc depths as given in the literature or as estimated from sub-
marine photometer readings are given when available. There are many problems
associated with attempting to relate Secchi readings to the light environment
of the plant. These range from the visual acuity of the observer to the
necessity of using Secchi data taken at times other than the growing season
for the plants in question. One possible source of error in Secchi readings
which doesn't appear to be serious is the lack of standardization in disc
size and contrast (white as compared with black and white) common in earlier
studies. Baker and Magnuson (1976) found no significant differences in trans-
parencies in Crystal Lake, Wisconsin, as measured with a 20 cm black and
white disc and a 10 cm white disc.

To convert occasional clear water light transmission data taken with a
submarine photometer to Secchi depth transparency estimates, the depth (m) at
the 1 percent light level was divided by 1.7. This factor is consistent with
observations by Wile (in preparation) for fresh waters in southern Canada and
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Figure 7. Depth distributions for submersed macrophytes.
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Figure 7 (Continued)

Depth (m)
Species 0123456782910 Locality Source
MYRIOPHYLLUM EXALBESCENS [ 77770777777 1) Lons Lake, MM Scumid, 1965
A7 ) SOUTHERN ONTARID LAKES [, WILE, IN PREPARATION
CTUTTTTCLCT Lake West OkoBout, IA CRum & BAcHManN, 1973
- Bi6 SPIRIT Lake, IA CRuM & Bacamann, 1973
MYRIOPHYLLUM HETEROPHYLLUM W i) SOUTHERN ONTARTO LAKES I, WILE, IN PREPARATION
-] I Lawrence Lake, MI RICH ET AL,, 1971
MYRIOPHYLLUM SPICATUM € PIS  Lake Towpa, Jaean JimeB €7 AL, 1955
T 1 =14 Lake Varana, YusosLavia GoLusrc, 193
Z 1T Lake Furesd, Denmark Se1ELIN  Raunkiagr & Bove Pererson, 1917
SoutHERN ONTAR1O LAKES I, WILE, IN PREPARATION
\ Lake Furesé, DenMark CHrisTENSEN & AnDerson, 1958
Par Ponp, SC Grace. & TrLLy, 1876
] Chesareake Bav Osv7er Beps  STeents T aL., 1962
| CurrITuck Sounp, NC Davis, IN PREPARATION
MYRIOPHYLLUM TENELLUM V77222 | SOUTHERN ONTAR1O LAKES [. WILE, IN PREPARATION
b~ a—— TRouT Lake, W! HiLson, 1941
1 HeBER Lake, Wl PoTzGER & Van ENGEL, 1942
27 ) Lake Georse, "NY SveLbon & BovLen, 1977
= i Laxe MuskeLLunge, W1 HiLson, 1935
MYRIOPHYLLUM VERTICILLATUM GReen Lake, W] Rickerr, 1924
E Lakes, U.S, & Camapa MarTIN & Uxier, 1939
b Lake Menpota, WI DenntsTon, 1921
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g A | Lake Menpota, Wl DennisTon, 1921
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7/, 1/ Lake OPINICON, ONTARTO CROWDER ET AL., 1977
7z ] BAcKk Bay, VA; Currituck, NC  Sincock, 1965
F1T ] Par Ponp, SC Grace & TiLLy, 1976
Continued
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Figure 7 (Continued)
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Locolity

Prckwick Reservolr, AL

PamLico River, NC
Rack Rav, VA; Currituck, NC

“Conway Laxe (Sourn pool), FL

Pickwick Reservolr, AL
Lake. Menota, W]
SouTHERN ONTARIO LAKES
Lake Georoe, NY

GREEN Lake, I

Lone Lake, MN

Lake West Oxomout, 1A
Lake MuskeLLUNGE, W[
Trout Laxe, Wl
LawRENCE Lake, M

LAxE MenooTa, Wl
SiLver Laxe, Wl

Littie Joun Laxe, Wl
Minror Lake, MH

Back Bav, VA Cumrituck, NC
SouTHERN ONTARIO Lakes
Lake West DxkopoJ1, IA
LAKE GEORGE. NY

LAxe CHauTAUQUA, NY
SOUTHERN ONTARIO LAKES
Mirror Laxe, NH

Lake MuskeLLunce, W]
Trout Laxe, Wl

Green Lake, ¥l
Lawrence Laxe, M1
SoutHern ONTARIO LAKES
Lake George, NY

SiLver Lake, Wl

Lake MuskeLLunge, W]
Trout Laxe, W1
Lawrence Laxe, NI
LITTLE Joun Laxe, Wi
MoNTEZUMA WELL, AZ
Laxe Georse, NY
SouTHERN ONTARIO LAKES
Lawrence Lake, Wi
Conway Lake (WesT pooL), FL
Lake Wesr Oxosout, IA
ConwaY LAKE (MippLE paoL), FL

Source

PerTieR & WeLeH, 1969

Davis & Brinson, 1976
Bourn, 1932

NaLL R Scuaror, 1978
PeLtier 8 WeLew, 1969
Dewniston, 1921

I, WILE, IN PREPARATION
SweLDon & Bovien, 1977
Rickery, 1924

Schmip, 1965

Crum & Bacrmann, 1973
WiLson, 1935 |
WiLson, 1941

-RicH ET ALy, 1971

Dennisyon, 1921

WiLson, 1935

WiLson, 1935

MoeLLER, 1975

Sincock, 1965

. WILE, IN PREPARATION
Crum & Bachmans, 1973
SHELDON & Boview, 1977
HicHoLsoN B Arova, 1975
1, WILE, IN PREPARATION
MoeLLer, 1975

WiLson, 1935

WiLson, 1901

" Rickert, 1924

WiLson, 1935

. WILE, IN PREPARATION
SHELDON & Boviewn, 1977
Porzeer & VaN Encel, 1942
WiLson, 1935

WiLsoN, 1941

RicW ET L., 1971

WiLson, 1935

CaLe & BavcweLoer, 1969
SweLoeN & Bovuew, 1977

1, WILE, IN PREPARATION
Rich €T AL., 1971
NALL & ScHARDT, PERS. COMM,
CRuM & Bacumann, 1973

NALL & SCHARDT, PERS, COMM,



Figure 7 (Continued)

Depth {m)
Species ? 1 2345678 910 Locality Source
LI L A L I B
PoTaMOGETON ILLINGENSIS {CONT.) oo Conmwar LAKE (SouTH POOLY, FL NALL & ScHampr, PERS. CONM,
(I Conmay Lake (EasT Poo), FL  MaLL & SCHARDT, PERS. CoMM.
POTAMDGETON LUCENS Z__— 1 ] Lake Furess, Denmark SetneLIN  Raunkiaer & Bove Peteesow, 1917
o271 Lake Menbora, Wl DenisToN, 1921
N . Lake Furesd, Denmar CHRISTENSEN & AnDERsON, 1958
PotaMocETON NATANS ¥z _ 1 % Greew Lake, Wl Rickert, 1924
O N | Lake Hest Oxomor, 1A CRUM & BachManN, 1973
3 | Trout Lake, WI WiLson, 1941
n ] Lake MuskeLLunce, W1 WiLson, 1935
POTAMOGETON OBTUSIFOLIUS S 7] 1L5% TrouT Lake, W1 WrLsoN, 1941
POTAMOGETON PECTINATUS U ToTmm oI mmm TR Lake Towoa, Jaean JineB €T L., 1955
‘ Pz Laxe Furesd, Denmark SEIDELIN RaUNKIAER & Bove PeTersow, 1917
] I=14  Laxe Varana, Yucosiavia GoLus1c, 1963
FOUOIITS ] Lake Hest Oxosoui, IA CruM & Backmann, 1973
o Lake S1savi, Soutd Arrica  BouTr ET L., 1960
L Z 1 ] SOUTHERN DNTARIC LAKES I. WILE, IN PREPARATION
————— | Lons Lake, MN Sckmin, 1965
Y T Green Lake, Wl Rickerr, 1924
Lake Bunvonvi, Usanoa Denny, 1973
Lake Furesd, Denmarx CHRISTENSEN & AnDERSON, 1858
Lake Menpora, WI Dennrston, 1921
Bis SPiriT Lake, [A CruM & Backmann, 1973
1 Lake Georse, NY SHELDON & Bovien, 1977
Back Bav, VA; Currrtuck, NC  Sincock, 1965
Trout Lake, Wl WiLson, 1935
Back Bay, VA:; Currituck, NC  Bourn, 1932
Lake East Okosodi, [A CRUM & BacHMANN, 1973
Lake Crauvaoua, IL JACKSON & STARRETT, 1959
Lawrence Lake, MI Riew €T AL, 1971
UpPer Gar Lake, IA Crum & Bachmann, 1973
Lake MinnewasuTA, [A CruM & BachMann, 1973
Lower Gar Lake, [A CRuM & BacMann, 1973
POTAMOGETON SUBSECTION S A B Lake Georse, NY SHELDON & Bovien, 1977
Ezsigt::;:ls,(I{_".‘C::i:q_ims Z 1 1] Lake Furesd, Denmark SErpELIN RaunkiaEr & Bove Peterson, 1917
VAR, BUPLEUROIDES AND P, C ZF ] SoutHERN OnTARIO LAKES I WILE, IN PREPARATION
RICHARDSONIL) Lake WinpermeRe, EnaLAND PearsaLL, 1921
GReen Lake, Wi RickerT, 1924
Trout Lake, Wl WiLson, 1941
ZZZZ 1 | Lake ULLswaTer, ENGLAND PearsaLL, 1921
1Z ] Lake Furesd, Denmark ChrisTENSEN & Anperson, 1953
Y Sy Lake Menota, Wi Dewniston, 1921
Iz Back Bav, VA; Curmrituck, MO Sincock, 1965
[z 1 Lake DERWENTWATER, ENGLAND  PearsaLt, 1921
Continued
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Figure 7 (Continued)
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328-607 0 - 80 = 5

Locality

Liviee Joww Lawe, W1
LAKE CHauTAuoua, NY

|.AKE EasT Nkosoul, [A
Back Bav, VA; Currituck, NC
Pamcico River, NC

UpPER GAR Lake, [A

Lake MINNEWASHTA, 1A
Lake GeorGe, NY
SOUTHERN ONTARIO LAKES
Laxe YINDERMERE, ENGLAND
Laxe ULLswATER, ENGLAND
Lonc Lake, MN

LAKE DERWENTWATER, ENGLAND
Lake WesT Oxopour, 1A
Trout Lake, Wl

Bic Serrit Lake, [A
Lawrence Lake, MI

Lake MuskeLLunce, W]
Lake GeorGe, NY

LAKE ULLSWATER, ENGLAND
Laxe West Oxomost, A
LAKE WINDERMERE, ENGLAND
TRouT LAKE, Wl

Lake MuskeLLuNGE, WI

SiLver Lake, Wl

Bic SPIRIT Lake, [A

LiTTLe Jouw Laxe, W]

WakuLLa Sprines, FL
Lake East Oxosout, IA
Uprer GaR Lake, [A
LAKe MinNEwasuTa, 1A
LaKE GeorGE, NY
LiTTLE SissaBocama Lake, Wl
SouTHERN ONTAR1O LAKES
Trout Laxe, Wl

Lake MusKELLUNGE, WI
Mirror Lake, NH

Lake feoree, NY
Mirror Lake, NH

Lake MuskeLLuNGe, Wl
Siiver Lake, W1

Trout Lake, Wl

Southery ONTARIO LAKES

Source

WiLson, 1935
NicheLson & Mrova, 1975
CRUM & Bachmann, 1973
Bourwn, 1932

Davis ¢ Brinson, 1976
Crum & Bacumann, 1973
Crum & Bacumann, 1973
SHELDON % BovLew, 1977
1. WILE, IN PREPARATION
PearsaLt, 1921
PearsaLL, 1921

Schmin, 1965

PearsaLL, 1921

CRUM & Bacumann, 1973
WiLsoN, 1935

Crum & Bachmann, 1973
RicH ET L., 1971
WiLson, 1935

SHELDON & BovLEw, 1977
PearsaLL, 1921

CRUM & BacHmany, 1973
PEARSALL, 1921

WiLson, 1941

WiLson, 1935

WiLson, 1935

CRUM & Bacumann, 1973
WiLson, 1935

MarTIN & UsLer, 1939
Crum & Bachmann, 1973
Crum & Bacmann, 1973
CRUM & Bacumann, 1973
SHELDON % Bovien, 1977
STEENIS, P:ns.%om.
1. WILE, IN PREPARATION
WiLson, 1911

WiLson, 1935

MoeLLER, 1975

SHELDON & Boview, 1977
MoELLER, 1975

WiLson, 1935

Weison, 1935

WiLson, 1341

1. WILE, IN PREPARATION



Figure 7 (Continued)

Depth (m)
Species 01 2 34 56 7 8910 Locolity Source
rrrrrrrrrorrTrmT—
POTAMOGETON  20STERIFORMIS Lons Lake, MN Scumip, 1965
SOUTHERN ONTARIO Lakes I, WILE, IN PREPARATION
b R Laxke Yest QkosoJt, 1A Crum & Bachmany, 1973
[ IR N Lake Menpota, VI Denniston, 1921
GReeN Laxe, NI RickeTT, 1924
— Lake George, NY SueLbon & Bovien, 1977
¥ TT1% ’ B1s Spimtr Lake, 1A Crum & Bachmann, 1973
RANUNCULUS AQUATILIS 777 1 3 Green Laxe, W Rickerr, 1924
Gz ) SouTHERN ONTARIO Lakes I, WiLe, IN PREPARATION
Trout Laxe, Wl WiLson, 1941
Laxe Bunvonvi, Usanpa Denny, 1973
| LAke Georee, NY SueLDon & Bovien, 1977
RanuncuLus LonsTRoSTRIS Lake West Oxomout, 1A CRum & BacHmann, 1973
{ Lake Georee, NY SHELDON & Boyien, 1977
Rupp1a MARITINA Brs SeiriT Lake, 1A Crum & Backmann, 1973
Back Bav, VA; Currituck, MC  Sincock, 1965
SaLINE Lakes, ND MercaLr, 1931
PamL1co River, NC Davis & BRiNsoN, 1976

Back Bay, VA; Cumrituck, NC  Bourn, 1932

SAGITTARIA CUNEATA TrouT Lake, W1 WiLson, 1941
SAGITTARIA GRAMINEA b <2277 || TRouT LaKe, W1 WiLsow, 1941
T | S 1 Lake George, NY SHeLoon & Bovien, 1977
777 ] 1 Mirror Lakes NH MoeLLER, 1975
SAGITTARIA SUBULATA 1E1] Back Bav, VA; Curmitucks NC  Siwcock, 1965
SCIRPUS ACUTUS | 1 Trout Lake, Wi WiLson, 1941
SCIRPUS SUBYERMINALLS 2 ) Lawrence Lake, MI RicH €T AL, 1971
SPARGANIUM ANGUSTIFOLIUM Y22 ] Weser Lake, W! Potzeer & VaN EnGeL, 1942
D | Mirror Lake, NH MoeLLer, 1975
| 1 TROUT Lake, W WiLson, 1841
SUBULARIA AQUATICA - | Lake Georee, NY SHELDON R BovLen, 1977
T Lake FLOLEN,  SWEDEN Thunmark, 1931
UTRICULARLA CORNUTA I 1 LawReNCE LAKE, MI RicH ET aL., 1971
Urricuarta E | I | | Lawrence Laxe, M Riew ev aL., 1971
UTRICULARIA INTERMEDIA LAKE OPINICON, ONTARIO Cra1G, 1976
UTRICULARIA MINOR 0 LAke OFINICON, ONTARIO CRale, 1976
UTRICULARIA PURPURER 2777 1 Mirror Lake, NH MoeLLEr, 1975
UTRICULARIA RESUPINATA 7] | Lake Georce, NY SeLpon & Rovien, 1977
UTRICULARIA VULGARLS 0 Lake Opinicon, ONTaRIO Crats, 1976
VALLISNERIA ;;;A J WakuLLa Serinss, FL MARTIN & L'wLEr, 1939
s ) ) Lake Georee, NY SHELDON & Boview, 1977
(i 1/ SoUTHERN ONTARIO LAKES I, VILe, 1N PREPARATION
- Sutuinniuiaggs g | Lake West Oxomou1, IA CRUM & Bacuman, 1973
T | Siwver Lake, W1 WiLson, 1935
Continued

24



Figure 7 (Concluded)

Depth (m)
Species 0! 2' 3 ‘} '5 ? "’ ? 9 10 Locality Source
VALLISNERIA AMERICANA (CONT.) Lake OpinicoN, ONTARIO CROWDER ET AL., 1977
C---"13 Convay Lake (Mest pooL), FL. MaLL % Scuarp7, PERS. COMM.
[ VZZZA4 DerrotT River, MI Hunt, 1963
e Back Bav, VA; Currituck, BU  Sincock, 1965
T Bic SeiriT Lake, A _ Caum & Bacamw, 1973
gy | Conway LAKe (EAsT pooL), FL  NALL & ScHARDT, PERS. COMM.
TZ= ] Green Laxe, W1 Rickevr, 1924
= | Lake MuskELLUNGE. WI Wicson, 1935
Zz1 PamLico River, NC Davis & Brinson, 1976
-3 Lake Cuautavoua, NY NicnoLson T Arovo, 1975
- -3 Lake East Okoodi, [A Crum & Bachmann, 1973
Iz Back Bav, VA; Currituck, NC  Bourn, 1932
(| Ueper Gar Laxe, IA Crum 2 Bacxmann, 1973
LANNICHELLIA PALUSTRIS 3 Towa GReaT Lakes, IA Crum 2 Bacumann, 1973

Wetzel (1975; Figures 5-9 and 5-16) for Lawrence Lake, Michigan. Based on
studies of turbid waters in Back Bay, Virginia (Sincock, 1965), a conversion
factor of 2.5 was used for the data of Bourn (1932).

Perhaps the maximum depths of plant growth recorded in Figure 7 are more
reliable than other information given. However, as discussed by Hutchinson
(1975) and Spence (1976), there can be problems in establishing the maximum
depth in a water body where a species is rooted and growing. Accuracy in-
cludes judgement as to whether a small number of plants (or the plant) at a
depth are Tliving and are truly rooted. Ceratophyllum demersum is a special
problem because it does not form roots although a portion of the shoot often
becomes embedded in the sediment and thus “rooted" (Arber, 1920). Other
species such as Myriophyllum spicatum at times produce rooted floating shoot
fragments which normally sink with time. Hence shoots of C. demersum and
other species may be carried to the deeper areas and sink to the sediment
where they may soon become moribund in the more stressful environment. Even
though some shoots were found as deep as 9.2 m, Spence (1976) set the macro-
phyte limit for Loch of Lowes at 3.9 m which was close to the 1 percent cover
line of 3.6 m. The increasing use of SCUBA divers in studies of submersed
macrophytes should lead to more accurate data.

_ Though the ecological importance of straggling plants surviving in the
lower depths is probably minimal, depth records suggest that there are
physiological limits due to hydrostatic pressure as discussed previously.
Hutchinson (1975), in summarizing depth records for a number of aquatic .
macrophytes, rejected some of the published depths of colonization due to
problems mentioned above. He suggested that the record depth for submersed
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freshwater angiosperms was for Potamogeton strictus Philippi, which is ap-
parently not found in North America (ShetTer and Skog, 1978). Tutin (1940)
fgund this species at slightly deeper than 11 m in the high mountain Lake
Titicaca, Peru-Bolivia. Recent data, especially those of Moeller (1975),
Sheldon and Boylen (1977), and Wile (in preparation), all from the same geo-
graphical area of northeastern United States and southeastern Canada, extend
the depth ranges for a number of species native to.North America. Perhaps
the most notable depth record is for Elodea canadensis which was found at one
g;7§?e 12 m sampling stations in Lake George, New York (Sheldon and Boylen,

Relationship between Maximum Depth
Distribution and Secchi Transparency

Figure 8 is a summary of depth records for 10 species in Figure 7 plot-
ted as a function of Secchi depth. Some trends are discernable and factors
which may affect depth distribution will be discussed. However, conclusions
drawn from these graphs are necessarily tentative owing to the paucity of
data points as well as problems already mentioned in interpretation of the
original data. The resistance of these species to environmental changes will
be discussed further on page 44.

Since Eleocharis acicularis is a sedge, one might judge a priori that it
is a shallow water species. This is confirmed by depth records of 2 m or
less for five of the seven data points (Figure 8a). The scattering of the
points suggests that E. acicularis does not respond to water clarity in a
predictable manner as do some other species that have increasing maximum
depth distribution with increasing Secchi depth. In fact, Wilson (1935)
placed it in an ecological group of species (mainly rosulate) which becomes
totally submerged only in response to changing lake conditions. Other species
placed in this group were Lobelia dortmanna, Juncus pelocarpus, and Gratiola
aurea. These relatively clear water species with generally shallow maximum
depth records (Figure 7) are probably limited in depth maxima by factors
other than reduced irradiance. ‘An affinity for sandy sediments which are
normally characteristic of shallow areas subjected to fetch and water turbu-
lence is one possible explanation for the depth distribution patterns. Lab-
oratory and field experiments have shown that certain species grow best when
rooted in specific types of aquasoils (Pond, 1903; Brown, 1913; Bourmn, 1932;
Misra, 1938).

The relationship between depth maxima and Secchi depths for Potamogeton
raelongus (Figure 8b) can be considered representative of several species
of this genus with a North American distribution, primarily in clear fresh
waters in Canada and northern United States. In addition to P. praelongus
these species include E:‘robbﬁnsiig P. zosteriformis, P. amptifolius, an »
P. gramineus. Since depth maxima for this group are normally high, one might
expect that these species would tend to survive under reduced light penetra-
tion due to suspended particles. However, some studies of long term changes
in lakes where turbidity has increased show that these northerm species tend
to disappear or decrease in biomass (Volker and Smith, 1965; Lind and Cottam,
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Figure 8. Maximum depth distribution of selected species from Figure 7 plot-
ted against Secchi disc transparencies of the waters where the distributions
were observed: (a) Eledcharis acicularis, (b) Potamogeton praslongus, (c) Najas
flexilis, (d) Potamogeton pectinatus, (e) Myriophyllum spicatum, (f) Vallisne-
ria americana, (g) Najas guadalupensis, (h) Ceratophyllum demersum, (1) Pota-
mogeton subsection Perfoliati, (j) Elodea canadensis.

217



1969; Stuckey, 1971; Nichols and Mori, 1971; Crum and Bachmann, 1973; Baumann
et al., 1974; Bumby, 1977). Especially striking was the virtual elimination
of the group with increasing human activities over 70 years in the vicinity

of Put-In-Bay Harbor, Lake Erie, Ohio (Stuckey, 1971). Though these species
do well at the Tow light intensities of deeper waters, they appear to be re-
stricted to rather narrow conditions which do not include highly turbid waters.

A number of physical and biological changes are likely to be associated
with increasing turbidities from increasing suspended sediments. These in-
clude increasing inorganic nutrient levels and changes in biological compon-
ents of the ecosystem. Of 19 lakes and ponds of Southern Ontario studied by
McCombie and Wile (1971), Potamogeton amplifolius was present only in the
most oligotrophic impoundment. Disappearance or reduced importance of northern
species has also been associated with increased importance of other species,
especially Myriophyllum spicatum (Lind and Cottam, 1969; Nichols and Mori,
1971; Steenis, 1970) and perhaps P. crispus (Fassett, 1957; Stuckey, 1971;
McCombie and Wile, 1971; McIntosh et al., 1978). Both of these species have
been naturalized from Europe.

Najas flexilis (Figure 8c) is found under a wider range of Secchi depths
than the northern species. of Potamogeton. This species principally has a
northern distribution and does not range southward sufficiently to be consi-
dered cosmopolitan. There does not appear to be much tendency for an increase

in maximum depth with increasing water transparency for the data points avail-
able.

Compared with the three species just discussed, the remaining species all
show some degree of linearity between Secchi transparency and maximum depth
distribution (Figures 8d-8j). A1l except Najas guadalupensis, which tends
to have southern affinities, are strongly cosmopolitan. Potamogeton pectina-
tus grows well under a wide variety of conditions. This is consistent with
the wide range of Secchi transparencies and depth records for the plant. 1In
their study of Canadian ponds and lakes, McCombie and Wile (1971) found P.
pectinatus growing in waters of wide specific conductance range and spanning
the complete range of Secchi transparencies from 0.9 to around 5.7 m. This
species may be found in waters high in suspended sediment and organic pollu-
tion and is often rooted in silty sediments (Butcher, 1933; Hynes, 1970;
Haslam, 1978; Ozimek, 1978). The essentially linear leaves have been obser-
ved to be relatively free of the silt blanket which tends to cover submersed
macrophytes in waters high in suspended sediments as discussed previously
(McCombie and Wile, 1971; Schiemer and Prosser, 1976).

The data points for Ceratophyllum demersum (Figure 8h) indicate a dis-
tribution at somewhat greater depths than other species for water bodies
with Secchi depths less than 5 m. This suggests a degree of shade tolerance
for this species which will be discussed in more detail in a later section.
For Elodea canadensis, the linearity between maximum depth and Secchi trans-
parency 1s remarkable. The depth record of 12 m in Lake George, New York
(Sheldon and Boylen, 1977) is the greatest depth reported for submersed
angiosperms. Summer water temperature to 12 m ranged from 22-25°C in Lake
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George. Light transmission to 12 m during the summer was about 10 percent
of incident and the water column and sediments were aerobic at least to 12 m
water depth. Thus, these factors probably were not Timiting the maximum
depth of growth. Rather, hydrostatic pressure is important in limiting the
depth of growth of deep water species in Lake George. Elodea canadensis was
somewhat more resistant to excess pressure than two other species studied by
Ferling (1957). A number of depth records in Figure 7 were for Lake George.

The linear pattern between maximum depth and Secchi transparency for F
Elodea canadensis differs from a tendency for some of the other species,
such as MyriophyTlum spicatum (Figure 8), Vallisneria americana (Figure 8f),
Najas guadalupensis (Figure 8g), and the Potamogeton subsection Perfoliati
group (Figure 8i), to reach a plateau at & to 7 m depth. This plateau indi-
cates that hydrostatic pressure rather than 1light availability controls maxi-
mum depth distribution.

Turbidity Tolerance Index

When the maximum depths for submersed angiosperms of Figure 7 are plot-
ted against their Secchi depths, a linear relationship is apparent at shallow
depths for most species (Figure 8). This suggests that, in the range of
around 2.5 m Secchi depth or less, turbidity is an important factor affecting
maximum depths of growth. It follows that if a species is found in the deeper
areas in water bodies with 2.5 m Secchi depths or less, the species would have
a degree of turbidity tolerance. More specifically, the higher the depth
maxima to Secchi depth ratio in the turbidity-stressed systems, the higher
the turbidity tolerance of the species. This ratio, along with related infor-
mation, is given in Table 1 for species of Figure 8. Species with higher tur-
bidity tolerance indices are better adapted for surv1va] under conditions of
Tow light transmission.

The absence of Potamogeton praelongus in the systems with turbidity stress
typifies potamogetons that are mainly restricted to northern areas as discuss-
ed previously. The Tow ratio for Eleocharis acicularis is not surprising; the
depth distribution of this species does not correlate with Secchi transparency.
Elodea canadensis is apparently sensitive to turbidity, even though it may
grow at great depths where turbidity is Tow. Perhaps the effects of suspended
particles on Tight quality reach1ng the plants is especially important for
this species. Of the remaining species Ceratophyllum demersum, Vallisneria
americana, Najas guadalupensis, and P. pectinatus have the highest turbidity
to]erances The mean depth of Ceratophyllum demersum is greater than that of
other species (Figure 8).

Thus, it appears that not all species tolerant to Tow levels of Tight
and growing at great depths in clear lakes will be successful in colonizing
aquatic ecosystems of high turbidity. These exceptions may be species that
are sensitive to factors such as eutrophication, substrate type, siltation
of leaves, or light quality, rather than just the quantity of light.” Never-
theless, the turbidity tolerance index provides an approximation of the re-
lative resilience of several species to turbidity stress and their rank is
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Table 1. Turbidity Tolerance Index for Selected Species of Figure 7
Expressed as the Ratio of Depth Maxima to Secchi Depth
Where Secchi Depth is 2.5 m or Less

No. Systems: Total No. Turbidity
Species Secchi :.2.5 m .“Systems__}‘Tolerance Index

Potamogeton praelongus 0 11 0
Eleocharis acicularis 2 7 0.5
Elodea canadensis 7 14 1.1
Potamogeton s.s. Perfoliati 9 17 1.5
Najas flexilis 3 11 1.7
Myriophyl1um §p1’catuma 11 40 1.7
Potamogeton pectinatus 9 22 2.0
Najas guadalupensis 5 ) 2.2
Vallisneria americana 6 17 2.4
Ceratophyllum demersum 2 11 | 2.8“_

aFrom data for lakes of southern Ontario, Canada. Twenty-three sampling
stations were in Georgian Bay of Lake Huron with the rest from various
other lakes (I. Wile, in preparation).

supported by observations on distribution in nature. Additional data are
needed to firmly establish the relationship between submersed species and
turbidity.

PHOTOSYNTHESIS AND GROWTH IN RESPONSE TO LIGHT

It is"apparent from the foregoing discussion that some macrophyte spe-
cies have an affinity for deeper or more turbid waters while others tend to
be restricted to conditions of higher light intensities. It would be impossi-
ble from the data given above to classify all species as being either shade
tolerant or high light requiring although the approach used in Table 1 is prom-
© ising. Rather we will examine the experimental evidence available for a few
species to see if it provides further insight to the possible light control of
macrophyte zonation and turbidity tolerance.
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Many of the experiments reported in the Titerature on apparent photosyn-
thetic rates of submersed macrophytes relate to the light intensity at which
the photosynthetic system is saturated. The Towest irradiance necessary to
achieve the maximum rate of photosynthesis (saturation) provides a valuable
point of reference for comparing species. Since the subject of this review
is concerned more with the response of macrophytes to reduced levels of Tight,
these experiments might appear irrelevant. However, where light is only oc-
casionally Timiting due to shading by high turbidity waters, the competitive
advantage of species with a high photosynthetic efficiency may help to ex-
plain their occurrence. Such conditions might occur in shallow zones of lakes
or normally clear rivers with pulses in turbidity due to storms, dredging,
high runoff, etc. Moreover, it might be proposed that species with high 1ight
saturation correspondingly have Tower photosynthetic rates at low 1ight levels
and higher compensation points than shade adapted species.

The compensation point of light, i.e., where photosynthesis and respira-
tion are in balance, should Timit the Tower depth distribution of a species.
In laboratory and field experiments where compensation points are measured,
they can only approximate depth distributions in nature. This is partly be-
cause experiments are normally of short duration, while under natural condi-
tions plants respond to a seasonal range of 1ight conditions (turbidity, day
length, solar angle, etc.). Furthermore, experiments are normally with active
apical portions of plants and do not reflect respiratory utilization of photo-
synthate by older stem portions and underground parts. There is another pro-
blem with extrapolating low irradiance experiments 1in the laboratory to deep
water conditions. In deep clear lakes, selective light absorption by water
(red region) and by organic compounds (blue region) may be as great a factor
in photosynthesis as reduction in total irradiance (Figure 6). Research ap-
pears to be lacking on this problem for aquatic macrophytes.

A further problem with interpretation of the experiments discussed below
is the lack of consistency among experiments. For example, some workers re-
port light values as illuminescence §1ux or foot candles) while others more
appropriately use irradiance (cal/cmé-hr or peinsteins/mc-sec). The two ex-
pressions are not interconvertable because illuminescence does not take into
account the variation in energy distribution of different spectral regions.
Moreover, there are problems with differences in temperature, light source,
enclosed biomass, and inorganic carbon availability both within and among
experiments. Finally problems are associated with accumulation and utiliza-
tion of oxygen in intercellular spaces (lacunae) of submersed plants (qutman
and Brown, 1967). However, to the extent possible, these experiments will be
discussed as they may relate to macrophyte depth zonation and turbidity toler-
ance. .

Laboratory Experiments

In a series of laboratory experiments, Gessner (1938) determined light
saturation for photosynthesis in six submersed species. Four of the species,
Ceratophyllum demersum, Cabomba aquatica, Hottonia palustris, and Ranunculus
aquatilis, appeared to saturate at approximately 10,000 to 40,900 Tux. This
Tow Tight saturation of C. demersum is in agreement with its high turbidity
tolerance index: (depth maximum to Secchi depth ratio) reported in Table 1.
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The other two species, Elodea crispa and Potamogeton perfoliatus, did not
saturate within the range of 1ight intensities used. It would appear that
particularly for P. perfoliatus light saturation was somewhat above 80,000
lux. This concurs somewhat with the low turbidity tolerance index of Potamo-
geton subsection Perfoliati of Table 1. The photosynthetic curves for
demersum and C. aquatica appear to increase quite rapidly at the lower 11ght
intensities relative to the other species.

Boyd (1975) reported changes in net photosynthesis of 1 g samples with
increasing light intensity. Photosynthesis in three of the species reached
light saturation at about 10,000 Tux (Eleocharis acicularis, Elodea dénsa,
Najas flexilis), while 1ight saturation occurred at 15,000 1lux for ‘Potamogeton
-sp. and 20,000 Tux for Ceratophyllum demersum. None of the species required
more than 9,000 Tux for 50 percent of maximum photosynthesis. These results
are in general agreement with those of Gessner (1938) except for the two spe-
cies that he reported which did not reach maximal photsynthesis.

Comparative photosynthetic rates for four spec1es of submersed plants
reported by Van et al. (1976) did ngt d1ffer greatly in irradiance required
for saturation (600-700 peinstein/m“-sec), but light compensation points dif-
fered substant1a]1¥ The compensation po1nt for‘Hydri1]a'VéktiCi]]a;§ was
Towest, at 15 1£/m“sec, Cambomba caroliniana was highest at 55 uE/m".sec,
while Myriophyllum spicatum and CeratophyTlum demersum were intermediate at
35 pE/m'sec. Even though H. verticillata and C. demersum had high to medium
tolerances, respectively, to low light levels, their maximal photosynthetic
rates were higher than the other two species per unit of chlorophyll content.
It would appear then that some species are adapted to a wide range of light
conditions, being able to tolerate quite Tow levels of 1ight and have high
photosynthetic capacities at high 1ight levels. Since H. vérticillata exhi-
bits this capability, this would explain its rapid biomass production under
favorable Tight conditions as well as its large standing crops where self
shading is high (Nall and Schardt, 1978). Carr (1969a, b) also characterized
C. demersum as a shade plant, being adapted to low Tlevels and saturating at
about 40,000 lux in flasks and about 15,000 Tux under artifical stream condi-
tions. She observed maximum photosynthesis in plants collected from 5 m
depth in Lake Ohakuri, New Zealand, where 1ight intensity was about 2 percent
of surface. However, Meyer and Heritage (1941) found this species to have
maximum photosynthesis at the surface of L